g-Aminobutyric acid (GABA) is the main inhibitory neurotransmitter in the cerebral cortex. GABAergic inhibition enables synchronization of activity in cortical networks, and contributes to generation of variety of brain activity patterns. In relation to epilepsy, GABAergic inhibition has been traditionally viewed as the main mechanism counterbalancing glutamatergic excitation and preventing hypersynchronous neuronal discharges. Indeed, deficits in GABAergic functions most commonly result in a hyperexcitable epileptic state, and many of the currently used antiepileptic drugs act through enhancement of GABAergic functions. However, a number of observations show that some epileptiform activity patterns involve synchronization by GABAergic mechanisms. These include two main categories that will be reviewed here: (1) synchronization of epileptiform oscillations based on GABAergic inhibition, and (2) epileptiform events driven by depolarizing and excitatory GABA. The conclusion is reached that GABAergic control of spike timing, either through inhibition or excitation under certain conditions, may work as a powerful synchronizing mechanism during epilepsy. g -Amino butyric acid (GABA) is the main inhibitory neurotransmitter in the cerebral cortex. GABAergic inhibition enables synchronization of activity in neuronal networks, and contributes to the generation of a variety of brain-activity patterns, sets the temporal window for integration of excitatory inputs, and controls synaptic plasticity (Freund and Buzsaki 1996; Buzsaki 2006; Klausberger and Somogyi 2008) . GABAergic inhibition has long been considered as the main brake in the neuronal networks that prevents generation and spread of paroxysmal activities (Trevelyan and Schevon 2013) . Considerable evidence indicates that inherent or acquired deficiency in GABAergic functions result in epilepsy (Lerche et al. 2013 ). Blockade of GABAergic inhibition in healthy brain results in acute epileptic discharges, and blockers of GABA receptors, including penicillin, pentylenetetrazole (PTZ), and bicuculline, are widely used as experimental epilepsy models (Curtis et al. 1970; Connors 1984; Miles and Wong 1987) . In addition, drugs enhancing GABAergic inhibition most commonly alleviate seizures. These include positive allosteric modulators of GABA A receptors, benzodiazepines and barbiturates, and drugs that inhibit GABA uptake, such as tiagabine, or GABA degradation, such as vigabatrin. However, GABAergic involvement in epileptic phenomena may be more complex than one could assume from a simple look at GABA as an endogenous anti-convulsive agent. Actually, GABAergic interneurons may act as network synchronizers during certain types of epileptiform activities that will be discussed in this review.
SYNCHRONIZATION OF EPILEPTIFORM ACTIVITIES BY INHIBITORY GABA
Seizure is a result of hypersynchronous neuronal discharges, during which summation of nearly synchronously occurring action potentials (APs) and postsynaptic currents gives rise to large amplitude epileptic electroencephalography (EEG) patterns. Because synchronous GABAergic inhibition is a powerful mechanism of neuronal synchronization during generation of physiological activity patterns, one could assume that synchronization by inhibition may also occur during generation of paroxysmal discharges. Several examples indicate that the mechanism of synchronization via inhibition indeed operates during generation of some types of epileptiform activities.
Application of kainic acid to the hippocampus in rats in vivo evokes large population spikes in CA3 regions with a very high probability of recruitment of individual CA3 pyramidal cells during each population spike ( Fig. 1) (Khazipov and Holmes 2003) . These population spikes regularly occur at 30 -40 Hz (g frequency band) through the entire period of kainic acid application. Whole-cell recordings of synaptic currents and pharmacological analysis revealed a pivotal role for inhibitory GABA in neuronal synchronization and generation of these rhythmically occurring population spikes and surprisingly little participation of glutamatergic excitatory currents. In this model, interspike intervals are primarily determined by duration of GABAergic inhibition similarly to physiological g oscillations. Kainate and some other agents (e.g., carbachol) also evoke network oscillations at g frequency in hippocampal slices in vitro; these are mechanistically similar to grhythmic epileptic activity observed in vivo but they are smaller in amplitude, less synchronized, and resemble more physiological g oscillations (Mann and Paulsen 2007; Gulyas et al. 2010; Whittington et al. 2011) . These findings lead to a conclusion that fundamental mechanisms of neuronal synchronization at g frequency by virtue of synchronous GABAergic inhibition may operate not only during generation of physiological g oscillations but also during epileptiform g activity with a quantitative difference in the level of neuronal synchrony, which is much higher in the epileptic case.
Interneurons can synchronize neuronal networks acting not only via GABA A , but also via GABA B receptors. Activation of postsynaptic potassium conductance by GABA B receptors involves G-protein-mediated cascades and, therefore, the GABA B receptor-mediated inhibitory postsynaptic potentials (IPSPs) are slow, lasting for hundreds of milliseconds. One could expect, from the slow kinetics of GABA B IPSPs, a propensity to synchronize, via inhibition, neuronal networks at lower frequency than by the GABA A receptor-mediated inhibition. This is indeed the case of the disinhibited thalamic network generating slow ( 3 Hz) rhythmic population activity resembling what occurs during an absence seizure (von Krosigk et al. 1993) . Under physiological conditions, thalamic slices of the ferret lateral geniculate nucleus generate spontaneous spindle waves by rebound burst firing in glutamatergic relay cells. This rebound firing results from GABA A receptormediated IPSPs arriving from the perigeniculate nucleus, the interneurons that are activated by burst firing in relay neurons (Steriade et al. 1993) . Pharmacological suppression of the GABA A receptor-mediated inhibition markedly boosts the discharge of interneurons and enhances GABA B receptor-mediated IPSPs in relay cells and subsequently generates slowed and rhythmic seizure-like population activity at 3 Hz, which was completely abolished after further pharmacological blockage of GABA B receptors (von Krosigk et al. 1993) .
Inhibitory synchronization of cortical networks has been suggested as a mechanism underlying seizures in autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE), which is associated with selected mutations in the a4 or b2 neuronal nicotinic acetylcholine receptor subunit genes (Klaassen et al. 2006) . ADNFLE mutant mice showed persistent, abnormal cor- tical electroencephalograms with prominent d and u frequencies, showed frequent spontaneous seizures, and showed an increased sensitivity to the proconvulsant action of nicotine.
Relative to wild-type (wt), electrophysiological recordings from ADNFLE mouse layer II/ III cortical pyramidal cells revealed a .20-fold increase in nicotine-evoked inhibitory postsynaptic currents (IPSCs) with no effect on excitatory postsynaptic currents. Intraperitoneal (i.p.) injection of a subthreshold dose of the GABA A receptors antagonist picrotoxin (PTX) reduced cortical electroencephalogram d power and transiently inhibited spontaneous seizure activity in ADNFLE mutant mice (Fig. 2 ). It has been suggested that the mechanism underlying ADNFLE seizures may involve inhibitory synchronization of cortical networks via activation of mutant a4-containing nicotinic acetylcholine receptors located on the presynaptic terminals and somatodendritic compartments of cortical GABAergic interneurons. GABAergic inhibition not only participates in network synchronization but may also contribute to the generation of extracellular local field potentials (LFPs). Although the driving force (DF GABA ) acting on currents through GABA A channels (DF GABA ¼ E GABA 2 E m , where E GABA is the reversal potential of the currents through GABA A channels and E m is the resting membrane potential) is relatively small, in the range of few millivolts, there are several factors that can make GABAergic current an important source for the outwardly directed transmembrane currents that are seen as active sources during extracellular recordings of the LFP. Actually, firing of a single interneuron generates the source at the location of its densely packed and numerous synapses on the target neurons (Glickfeld et al. 2009; Bazelot et al. 2010) . Thus, firing of perisomatic-projecting basket cells evokes GABA A receptor-mediated positive unitary IPSCs (uIPSCs) during extracellular recordings from the pyramidal cell layer, where the axons of basket cells establish synaptic connections on pyramidal cell soma. These uIPSCs have the time course and show pairpulse depression during repetitive stimulation Klaassen et al. 2006.) R. Khazipov similar to that of IPSCs during whole-cell recordings from individual cells, and their decay slows down in the presence of diazepam. Similarly, activation of lacunosum-moleculare-or stratum oriens-projecting interneurons generate uIPSPs with the sources located in the regions in which the axon terminals of these interneurons are located. Extracellular feedback IPSCs also occur during spontaneous activity in CA3 hippocampal slices (Beyeler et al. 2013) . They are preceded by mutual excitation of pyramidal cells via recurrent collaterals with further recruitment of inhibitory interneurons and powerful inhibition of multiple unit activity during a 10-msec time window that corresponds to the time course of the field IPSCs. Although single interneurons generate field potentials (active sources), single pyramidals do not generate detectable active sinks despite a much larger driving force for the excitatory synapses (glutamatergic currents reverse at or near 0 mV and, therefore, the driving force acting on them is 80 mV at resting conditions) (Bazelot et al. 2010; Oren et al. 2010) . This difference is likely caused by more than a 10-fold higher density of GABAergic synapses compared with glutamatergic ones, 80 and 5 per 100 mm 3 , respectively Olah et al. 2009 ).
Outward currents through GABA A receptors may also participate in the generation of LFPs during network-driven activities. This is clearly the case of sources generated by the perisomatic projecting interneurons in the pyramidal cell layer during cholinergically or kainateinduced g oscillations in vitro and physiological g oscillations in vivo (Csicsvari et al. 2003; Mann et al. 2005; Gulyas et al. 2010; Oren et al. 2010) , and epileptiform activities at g frequencies in vivo (Khazipov and Holmes 2003) .
Contributions of GABAergic signals to other epileptic EEG manifestations are less well understood, however. There are several factors that predict important GABAergic contributions to the extracellular field potential during seizure. Indeed, interneurons actively participate in paroxysmal discharges (Marchionni and Maccaferri 2009) , and synchronous firing of multiple interneurons should result in a summation of their active sources. Second, neuronal depolarization during seizure increases the driving force for hyperpolarizing DF GABA ; this may diminish and even inverse to depolarizing directions during seizure, however (FujiwaraTsukamoto et al. 2003; Isomura et al. 2008; Glykys et al. 2014 ). On the other hand, massive sinks and sources during epileptiform events generated by glutamatergic synaptic currents, voltage-gated sodium, calcium, and potassium currents may obscure these GABAergic contributions to the field potentials during full-blown seizure. GABAergic currents have been evidenced contributing to the generation of the repetitive active sources during high-frequency oscillations occurring in cortical slices in magnesium-free conditions during interictal events and the onset of seizures (Trevelyan 2009 ). These time periods are when pyramidal cell firing is vetoed by high-frequency volleys of inhibitory synaptic currents, thereby providing an inhibitory restraint that opposes epileptiform spread (Trevelyan and Schevon 2013) . The visibility of the inhibitory currents in the field recordings was greatest when local pyramidal cell activity is suppressed and worsened when local activity increases, suggestive of a switch from one source of high-frequency oscillation to another as the restraint starts to fail.
SYNCHRONIZATION OF EPILEPTIFORM ACTIVITIES BY EXCITATORY GABA
Hyperpolarizing inhibitory actions of GABA discussed above are not ubiquitous. Under certain conditions and states, including early developmental stages and epilepsy, GABA may exert depolarizing actions Blaesse et al. 2009; Pavlov et al. 2013) . Depolarizing actions of GABA are primarily because of elevated intracellular chloride concentration that sets E GABA at the values more positive than E m . Elevated chloride maybe a "steady-state" characteristic determined by a specific set of chloride cotransporters and channels where chloride loading exceeds chloride extrusion (Payne et al. 2003) . It can also occur in a transient manner as a result of chloride accumulation during hyperactivity (Fujiwara-Tsukamoto et al. 2003; Isomura et al. 2008 ; Glykys et al.
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Advanced Online Article. Cite this article as Cold Spring Harb Perspect Med doi: 10.1101/cshperspect.a022764 2014). In addition, depolarizing actions of GABA may result from bicarbonate permeability of GABA A channels Staley et al. 1995) as well as from elevation of extracellular potassium caused by KCC2-mediated extrusion of chloride and potassium (Viitanen et al. 2010) .
Depolarizing GABA actions associated with a steady-state elevated intracellular chloride are particularly well documented during development ). Immature neurons are characterized by low levels of expression and function of potassium/chloride cotransporter KCC2, which is the main chloride extruder; but, on the other hand, they highly express chloride loader NKCC1 (Rivera et al. 1999; Yamada et al. 2004; Dzhala et al. 2005) . As a result, intracellular chloride is set at high levels that explain the depolarizing action of GABA (and glycine) on the immature neurons with DF GABA typically attaining values in the range of 10-30 mV (Tyzio et al. , 2008 . This positive in direction, but limited in size, depolarizing action of GABA determines complex, often referred to as "dual" (both excitatory and inhibitory), actions of GABA on the immature neurons and complex roles of GABAergic interneurons in the developing networks during generation of the physiological and epileptic activity patterns.
Excitatory action implies that GABA triggers APs in the postsynaptic neurons. Although GABA does indeed often trigger APs in neonatal cortical neurons, these early excitatory actions of GABA have several particular features on the probability and timing of spikes evoked by depolarizing GABA. Direct short-latency excitatory actions of GABA during development are infrequent, because E GABA is typically more negative than the AP threshold Valeeva et al. 2010) . Instead, transmission of excitation at depolarizing GABAergic synapses is characterized by relatively low probability of postsynaptic spikes and their long and variable delays in the postsynaptic neurons. Thus, in the neonatal rat hippocampal slices, the delays of APs evoked by synaptic activation of GABA A receptors were found to be long (mean, 65 msec) and variable (within a time window of 10 -200 msec) (Valeeva et al. 2010) . Depolarizing GABAergic responses often remained subthreshold and their amplification by persistent sodium conductance was required to trigger APs; recruitment of this intermediate step explains long and variable delays of APs in the postsynaptic cell. Importantly, AP delays may be artificially shortened and their variability reduces with an increase in [Cl 2 ] i during whole-cell dialysis (Fig. 3) . In addition to persistent sodium currents, depolarizing GABA also activates voltage-gated calcium channels, evokes calcium transients in the immature neurons (Garaschuk et al. 2000; Bonifazi et al. 2009 ), and attenuates voltage-dependent magnesium blockage of N-methyl-D-aspartate (NMDA) channels Leinekugel et al. 1997) . Depolarizing GABAergic responses facilitate APs evoked by subthreshold excitatory responses (mimicking fast a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-receptor-mediated EPSPs) if the latter are activated at the late phase of GABAergic depolarization, when the shunting effect of GABAergic conduction ceases (Chen et al. 1996) . However, EPSPs are shunted during the time period when GABA A channels stay open clamping membrane potential near E GABA . Through this shunting mechanism, depolarizing GABA exerts its inhibitory actions. Similar complex interactions between depolarizing GABAergic and glutamatergic inputs have also been described in adult L5 neurons and granular cells (Staley and Mody 1992; Gulledge and Stuart 2003) . In addition, GABAergic depolarization activates voltage-gated potassium channels, and causes an inactivation of voltage-gated sodium channels that decreases cell excitability, further contributing to the inhibitory actions of depolarizing GABA (Lu and Trussell 2001; Monsivais and Rubel 2001) .
Dualism in depolarizing GABA actions and slow spike timing at depolarizing GABAergic synapses are critical for the understanding of physiological and paroxysmal activities in the developing and epileptic networks. One of the best illustrations is an activity pattern of network-driven giant depolarizing potentials (GDPs) in the developing hippocampus. GDPs are recurrent network-driven bursts of activity generated in the neonatal rat hippocampal slices and in the intact hippocampi in vitro (Ben-Ari et al. 1989) . GDPs were initially described as purely GABAergic events driven by depolarizing GABA. However, recurrent glutamatergic synapses were found to play equally important roles in GDP generation, and excitation of pyramidal cells and interneurons is determined by summation of depolarizing GABA and glutamate-activated conductances and their interactions with the voltage-gated conductances Leinekugel et al. 1997; Bolea et al. 1999; Sipila et al. 2006a ). Low-probability and slow and variable excitation at GABAergic synapses determines a relatively low level of neuronal synchrony during generation and propagation of GDPs that may take several hundreds of milliseconds along the septotemporal axis (Leinekugel et al. 1998 ). Depolarizing and excitatory GABA actions are instrumental in GDP generation as a blockade of NKCC1 with bumetanide that reduces intracellular chloride and eliminates depolarizing DF GABA , which also completely suppresses GDPs (Dzhala et al. 2005; Sipila et al. 2006b; Nardou et al. 2009 ). At low doses, bumetanide reduces GDP frequency and slows down GDP propagation (Valeeva et al. 2010) . Positive allosteric modulators of GABA A receptors diazepam increases GDP frequency but also desynchronizes neuronal synchronization during GDP and slows down their propagation (Khalilov et al. 1999; Valeeva et al. 2010) . On the other hand, partial blockade of GABA A receptors increases neuronal synchronization and accelerates GDP propagation (Valeeva et al. 2010) , whereas total suppression of GABA A receptor function transforms GDPs to supersynchronous and rapidly propagating epileptiform discharges-interictal-like events in hippocampal slices and tonic -clonic ictal-like events in the intact hippocampus preparation and in vivo (Baram and Snead 1990; Khalilov et al. 1997 Khalilov et al. , 1999 Khazipov et al. 1997 Khazipov et al. , 2001 Khazipov et al. , 2004 Isaev et al. 2005; Kolbaev et al. 2012 ).
As indicated above, AP probability and delays at depolarizing GABAergic synapses are dependent on [Cl 2 ] i , and their probability increases, whereas the delays shorten and their variability reduces with an increase in [Cl 2 ] i (Fig. 3) . From this observation, one may predict that an increase in [Cl 2 ] i will result in an increase in excitatory power of GABA manifested by higher AP probability, and by a reduction of AP delays and their variability at GABAergic synapses. Altogether, these changes should lead to an increase in neuronal synchronization and, thus, favor seizure. It is very unlikely that depolarizing DF GABA can ever attain the values of DF glutamate (for that intracellular chloride should replace all organic anions in the cell) and, therefore, excitatory power of GABA will never reach that of glutamate. However, the balance between excitation and inhibition in dualistic actions of depolarizing GABA and associated synchronizing -desynchronizing effects of depolarizing GABA at the network level can shift toward excitatory and synchronizing with an increase in [Cl 2 ] i . This hypothesis is supported by a number of observations made not only in developing but also in adult brain. First, accumulation of [Cl 2 ] i , which develops as a result of impairment in KCC2-mediated chloride extrusion or up-regulation of NKCC1-mediated chloride load, is associated with profound transformations in the network function and an emergence of the epileptiform events. Steady-state increase in [Cl 2 ] i and associated depolarizing shift in E GABA develops during recurrent seizures in the "mirror-focus" model of epileptogenesis using interconnected hippocampi in vitro (Khalilov et al. 2003 (Khalilov et al. , 2005 Nardou et al. 2009 ), in a low-magnesium model in the intact hippocampus in vitro with a remarkable dependence of [Cl 2 ] i on the number of ictal-like episodes (Fig. 4B ) (Dzhala et al. 2010) . In human epileptic subiculum, recruitment of 20% neurons into interictal discharges is determined by a loss of KCC2 and depolarizing GABA actions in these cells (Cohen et al. 2002; Palma et al. 2006; Huberfeld et al. 2007) . Similarly, accumulation of [Cl
2
] i and an inversion of the GABA action from inhibitory to excitatory, which develops during seizure, supports population discharges both in the immature and adult brain (Fujiwara-Tsukamoto et al. 2003 Glykys et al. 2014 ] i is increased. For example, phenobarbital efficiently suppresses first seizures evoked by low-magnesium and propagating seizures in the interconnected hippocampi preparation, but it loses its anticonvulsive actions or even aggravates seizures after multiple seizures, along with an accumulation of [Cl 2 ] i and a progressive depolarizing shift in E GABA in these two models (Fig. 4) (Dzhala et al. 2010; Nardou et al. 2011) .
Third, restoration of physiological levels of [Cl 2 ] i (e.g., using NKCC1 antagonist bumetanide) in those cases when [Cl 2 ] i is pathologically elevated suppresses seizures and enhances anticonvulsant actions of the drugs enhancing GABAergic conductance. Bumetanide shows little anticonvulsive efficiency against the first seizure in various models (Dzhala et al. 2005 (Dzhala et al. , 2008 (Dzhala et al. , 2010 Kilb et al. 2007; Nardou et al. 2009; Minlebaev and Khazipov 2011 ] i in a proportion of neurons, bumetanide exerts powerful anticonvulsive effects and potentiates anticonvulsive actions of drugs enhancing GABA A receptor conductance (Fig. 5) (Huberfeld et al. 2007; Dzhala et al. 2008 Dzhala et al. , 2010 Nardou et al. 2009 Nardou et al. , 2011 . Thus, correction of chloride homeostasis could be one of strategies to cure epilepsies that are mechanistically linked to ele- ] i . Evidence on the anticonvulsive effects of bumetanide is mainly limited to in vitro models, however, probably because the drug heavily binds to plasma proteins and poorly crosses the blood -brain barrier (Javaheri et al. 1993; Loscher et al. 2013) . To overcome these problems, lipophilic and uncharged prodrugs of bumetanide that penetrate the blood -brain barrier more easily than the parent drug and are converted into bumetanide in the brain have been developed and, one such compound, N,N-dimethylaminoethylester (BUM5), but not bumetanide, counteracted the alteration in seizure threshold during the latent period of the pilocarpine model in mice. In the kindling model in rats, BUM5 was more efficacious than bumetanide in potentiating the anticonvulsant effect of phenobarbital (Tollner et al. 2014) .
CONCLUDING REMARKS
Examples of the epileptiform activity synchronized by hyperpolarizing and depolarizing GABA presented in this review indicate that, under certain conditions, GABA may act as a network synchronizer promoting seizure. A common feature in both cases consists of GABAergic control of spike timing in the postsynaptic neurons, which is achieved via synchronous rebound firing in the case of hyperpolarizing GABA and synchronous excitation in the case of depolarizing GABA. Synchronizing power of depolarizing GABA is strongly dependent on [Cl 2 ] i , and restoration of physiological chloride gradients may be beneficial in epilepsies associated with altered chloride homeostasis.
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